We report a new nanolaser technique for measuring characteristics of human mitochondria. Because mitochondria are so small, it has been difficult to study large populations using standard light microscope or flow cytometry techniques. We recently discovered a nano-optical transduction method for high-speed analysis of submicron organelles that is well suited to mitochondrial studies. This ultrasensitive detection technique uses nano-squeezing of light into photon modes imposed by the ultrasmall organelle dimensions in a semiconductor biocavity laser. In this paper, we use the method to study the lasing spectra of normal and diseased mitochondria. We find that the diseased mitochondria exhibit larger physical diameter and standard deviation. This morphological differences are also revealed in the lasing spectra. The diseased specimens have a larger spectral linewidth than the normal, and have more variability in their statistical distributions.
Introduction

Semiconductor Laser Technology for Biomedical Science
Laser technology has advanced dramatically and is an integral part of today's healthcare delivery system. Lasers are used in the laboratory analysis of human blood samples and serve as surgical tools that kill, burn or cut tissue. Recent semiconductor microtechnology has reduced the size of a laser to the size of a biological cell or even a virus particle. By integrating these ultra small lasers with biological systems, it is possible to create micro-electrical mechanical systems (MEMS) that may revolutionize health care delivery. BioMEMS devices are rapidly finding new applications for chemical analysis, molecular detection, and health care [1] [2] [3] [4] [5] . One is a biolaser device [6] [7] [8] [9] [10] [11] that confines intense light into an extremely small interaction volume. The biolaser has been integrated with a microfluidic chip (shown in figure 1 ) and recently been applied to assess cell structure. It has shown the ability to probe the human immune system by using optical size effects to measure cell and nucleus dimensions of lymphocytes [9] , characterize genetic disorders (quantify sickled and normal red blood cell shapes and hemoglobin content) [7,10,] and distinguish cancerous from normal cells [6, 11] . Most importantly, cells can be analyzed immediately after they are removed from the body. There are no time delays or difficulties associated with chemical fixing or tagging cells with stains or fluorescent markers. Semiconductor laser materials like GaAs, AlAs, InP, InGaN can also be applied to photodynamic therapy [12] , optical tomography [13] , cell micromanipulation [14, 15] , and laser cytometry [16] [17] [18] . The applications of such a portable biological sensing device are potentially far-reaching. One envisioned surgical application is a 'smart scalpel', for online flow cytometry in the operating room. It would provide a form of real-time biopsy that would give surgeons and their patients confidence that all of the diseased tissue had been removed during surgery [6] .
Structure and Operation of the Biological Microcavity Laser
A typical laser used in biophotonics applications is used to irradiate external cells or tissues, e.g. for diagnosis by cytometry and fluorescence imaging and spectroscopy [19, 20] . In contrast, the biocavity laser uses a cavity formed between a semiconductor light-emitting material and an external dielectric mirror surface to enclose a single cell (flowing or stationary), which acts as an internal waveguide as shown in figure 1 . The sample may be whole blood, cells from culture, tissue from a biopsy or a scraping of body tissue (such as that obtained during a cervical cancer test). Most specimens, when placed into the biocavity laser behave like tiny lenses as light traverses the specimen near 850 nm. Human tissue and cells have low absorption between 600 and 1200 nm, the so-called therapeutic zone for laser treatment. Because the cells are very transmissive at these wavelengths, they are sampled hundreds of times as the light bounces between the mirrors.
In the present work, the laser wavelength is centered in the low absorption zone, near 830 to 840 nm. With only fluid in the cavity (left-hand side of figure 1), stimulated emission is observed only for a single light frequency (blue rays) that appears as a single peak in output spectrum. With a cell present (righthand side of figure 1), the speed of light is slowed and multiple light paths are available through the cytoplasm (green rays) and nucleus (red rays). The waveguiding of the rays reflected back through the cell establishes an image of the transverse cell modes in the semiconductor gain region. Because the refractive index of the cell is higher than that of the bare fluid, the spectrum is red-shifted and comprises a series of spectral peaks from the cytoplasmic and nuclear modes. The peak spacing, intensity and redshift are sensitively dependent upon the cell size, shape and biochemistry, respectively, as shown in previous analyses [6] . The biocavity can be used to measure the concentration of biomolecules in a solution or in a living cell using refractive spectroscopy [6] . When a fluid is flown into the cavity, the resonant peaks in the spectra will shift according to the refractive index of the solution. There is a linear relationship between the refractive index and the biomolecular concentration as n = n 0 + αC where n 0 is the water index, α is the specific refractive increment of the molecule, and C the concentration in grams per 100 ml. By calibrating the spectral shift induced by solutions of known protein concentration and refractive index, an unknown protein concentration can be determined.
Application of the Biocavity Laser to Study Mitochondria
Mitochondria in the Biocavity Laser and Nano-squeezed Light
Because the mitochondria are so tiny, it has been difficult to study them using standard light microscope or flow cytometry techniques. And, electron or atomic force microscopies are limited to nonviable, fixed organelles so they cannot reproduce physiologic measurements. We have recently discovered a nanooptical transduction method for high-speed sensing of submicron organelles like mitochondria [21, 22] . This ultrasensitive detection of submicron particles uses quantum squeezing of light into photon modes imposed by ultrasmall dimensions in a submicron laser cavity. It has the potential to rapidly probe the morphology and biochemistry of the organelle in a near-physiologic state.
We have studied lasing spectra for a variety of bioparticles ranging over 2 orders of magnitude in size from 30 microns to 300 nm. The laser light is spatially/temporally resolved, recorded by digital video imaging, and analyzed with fast spectral recognition algorithms. These laser hyperspectra are sensitive to scattering from the distribution of protein molecules in organelles and cells. As the diameter decreases, the number of quantized photon modes decreases from about 100 to 1 as the particle approaches submicron dimensions. In this regime where the particle is smaller than the wavelength of light, nanosqueezing of light and inhibited spontaneous emission influences the emitted spectra. These quantum optic effects enhance the detection sensitivity of submicron particles. Under conditions of small number of photon modes, the lasing efficiency is increased significantly. Such dramatic increases in light signals allows an entirely new method of optical transduction.
Light Scattering from Cells and Organelles
To understand how mitochondria will influence the laser spectra, it is helpful to consider how light interacts with organelles and cells. These interactions are summarized in Fig. 2 by showing the biological particle on the left side and the corresponding light scattering distributions (parallel and perpendicular to plane of incidence) on the right side. Many cell organelles and tubules of endoplasmic reticulum and protein molecules are smaller than the wavelength of visible light. Light scattering by such small particles is known as Rayleigh scattering and the particle behaves as a dipole and radiates in all directions.
By far, the largest contribution to scattering in cells is due to Mie scattering from such as mitochondria. These organelles occur in larger numbers (~10 12 cm -3 ) and of appropriate size near the wavelength of light (~500 nm) to make this one of the dominant scattering effects. Mie scattering and can include scattering from large organelles, the nucleus, and the cell as a whole. The nucleus and cell are relatively large and have index differences of a few percent compared to the fluid and cytoplasm, respectively. Light is scattered at small angles by larger objects with slight differences in refractive index relative to the surrounding fluid.
The cell is significantly larger than the wavelength of light and produces a more forward geometrical scattering patterns as shown in the top of Fig. 2 . The approximate theory of light scattering by large spherical particles was first proposed by Van de Hulst [23] and can be extended to large particles of an arbitrary shape. Early and later studies of light scattering by cells [23] [24] [25] [26] [27] [28] [29] found good agreement with Mie theory when the cell was approximated as denser sphere imbedded into a larger and softer sphere. The sizes of the spheres corresponded to the average sizes of the cell nuclei and cell, respectively. This agreement existed despite non-homogeneity and non-spherical shape. Particles large compared to the wavelength produce the scattered field that peaks in the forward and near backward directions in contrast to smaller particles, which scatter light more uniformly. The angular width of the forward peak, is proportional to the ratio of the wavelength λ to the particle's size a as θ = λ/a. 
Effect of Light Scattering on Lasing in the Microcavity
Light scattered at small angles is reflected multiple times in the cavity and builds up stable lasing modes in the lasing process. The large angle scatter light is lost sideways from the longitudinal cavity. The Rayleigh mechanism tends to scatter light at large angles relative to the incident beam. Thus, these tend to be loss mechanisms for operation of the laser which operates principally with light in the forward and backward directions. The reflected light cycles through the cell, cavity, and semiconductor gain region till a stable mode pattern is formed. Cells or organelles inside the microcavity also serve as optical waveguides to confine light generated in the resonator by the semiconductor. The waveguiding effect is due to slight differences in the dielectric constants between various cell components and the surrounding fluids. The laser operates at resonant frequencies established by the dielectric properties of the cells. By using a high resolution spectrometer, these lasing frequencies can be resolved into narrow spectral peaks. The spacing and intensity distribution between peaks provides a unique spectral signature for each different cell as shown in Fig. 3 for a small bacterial cell (upper spectrum) and a large cell (lower spectrum). Interpretation of these spectra can be guided by analytical solutions of the Helmholtz wave equation for an optical microcavity. 
Previous Experiments with Mitochondria in the Biolaser
Ca
+2 Induced Swelling of Mitochondria
Mitochondria exist in virtually all eucaryotic cells and are essential to the normal life of animal cells as the main producers of ATP through aerobic respiration. During the last decade, mitochondria have been increasingly implicated in playing an active role in the life/death decisions of the cell. The inner mitochondrial membrane is normally impermeable to solutes not endowed with specific transport systems. As a result of Ca ++ accumulation, oxidative stress or in vitro aging, mitochondria may undergo a sudden permeability increase of the inner membrane to solutes of molecular mass up to 1500 Da. This phenomenon is described as the mitochondrial permeability transition (mPT) or permeability transition pore (PTP). Pathophysiologic mPT is observed to constitute a critical event in apoptotic as well as necrotic cell death [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
We have recently reported nanolaser measurements of Ca +2 induced swelling of the inner membrane, with attendant creation of megapores and release of toxic cytochrome c into the cytoplasma [21, 22] . Such swelling effects has been implicated in Parkinson's, Huntingtons, Alzheimer's diseases, and amyotrophic lateral sclerosis. It is also implicated in the harmful effects on the central nervous system of soldiers exposed to radiation or nerve agents. Efforts to find neuroprotectant drugs to avoid mitochondrial membrane dysfunction and swelling have become important for both healthcare and national defense.
The experimental apparatus to study mitochondria is illustrated in Fig. 3 . Liver cells were harvested from mice, lyzed, and centrifuged to separate the mitochondria. The mitochondria were then suspended in a solution of HEPES buffer in preparation for flow experiments. Typical concentrations were in the range of 100,000 organelles per ml of solution. This solution was used as the control. In addition, a separate solution of CaCl ranging from 10 to 1000 µM was added to produce an insult to the organelle and induce swelling. The organelles were flowed for a few minutes and the emitted spectra were recorded and analyzed to extract spectral parameters such as spectral wavelength, linewidth, intensity and others.
The changes in the spectral parameters are summarized in Fig.4 which plots the wavelength shift (solid points) and linewidth (open points) as a function of Ca ++ concentration. The standard deviations are represented by the error bars which surround each point. These data show measurements of mitochondria spectra under normal conditions and under high calcium ion gradient conditions that upset membrane homeostasis and lead to organelle swelling and lysis, similar to that observed in the diseased state. The measured spectra are consistent with calculations of the electromagnetic modes in normal and distended mitochondria using multiphysics finite element methods described below. 
Laser Frequency Analysis
In addition to the experiments, have developed numerical models of mitochondria photonics and membrane swelling using multiphysics finite element codes. Initially, we investigated numerical solutions to the electric field distribution and modal frequencies for spheroids in a cavity, to approximate mitochondria. Parametric studies were carried out to determine the eigenfrenquency dependence on sphere radius r and refractive index ∆n = n 2 -n 1 , the difference between the spheroid n 2 and the surrounding fluid index n 1 (taken as water). The relative change in the fundamental eigenfrequency δ = -(ω-ω 0 )/ω 0, where ω 0 is the cutoff frequency was determined as the empirical relationship δ(r, ∆n) ≈ 0.0232∆n r 2.7 (1) where r is in microns. Thus, the relative frequency change is nearly proportional to the optical volume 4π∆nr 3 /3 . Since mitochondria vary in shape from spherical to prolate spheroids, to ellipsoidal, the calculation was repeated for ellipsoidal shapes with major and minor axes in the ratio of 2 to 1. The dependence of frequency on major axis dimension was similar to the case for spheres.
Study of Normal and Diseased Mitochondria in the Biolaser
To further examine biolaser analysis of mitochondria, we examined a set of 7 mitochondrial specimens, including both normal and diseased. The diseases specimens included both cytochrome oxidase genetic deficiencies and specimens from patients.
Microscopic Imaging of Mitochondria
The normal and diseased mitochondria were studied in the reflection mode of a laser confocal microscope at 488 nm to determine their average diameter and standard deviation. Typical images of the mitochondrial specimens are shown in the left side image of Fig. 5 . All of the mitochondria from each of the sample suspensions appeared very uniform and circular, having the appearance of Airy disks due to optical diffraction of the reflected light. One specimen (right side of Fig. 5 ) comprised mitochondrial with additional rod-shaped cells of length 2 µm and width 400 nm of much lower concentration. There are probably bacterial cells that contaminant the specimen, but serve a useful function to compare effects of submicron cell morphology on lasing spectra. The diameters of about 50 mitochondria per specimen were measured using a calibrated scalebar. Both the mean and standard deviation of the ensemble of measurements were determined and plotted in Fig. 6 .
These data reveal that the average diameter of the normal mitochondria is in the range 680 to 730 nm with standard deviation of about 35 nm. The diseased mitochondria exhibited a larger mean diameter in the range 750 to 830 nm with a much larger standard deviation of about 70 nm. Thus, diseased mitochondria appear about 15% larger than normal mitochondria, and they are about 2 times as variable. 
Biocavity Laser Spectroscopy of Mitochondria
The mitochondria were prepared in suspension and examined with the biolaser using the following procedure. The initially concentrated mitochondria (in range 10 6 to 10 7 organelles/ml) were diluted a factor of 10 in 20 mM HEPES and 6 mM Sorbitol buffer. The mitochondria were then flowed through the biocavity laser with cavity length of a few microns. As the mitochondria flowed through the optical gain region in the microcavity, they triggered lasing action to generate a beam of light. That beam was focused onto an imaging monochromator and detected with an imaging camera. The camera images recorded the spectral and angular distribution of the far field of the lasing beam.
Three representative images of the spectra for 3 different specimens are shown in Fig. 7 . In contrast to the more complicated images detected in beams from whole cells (see lower spectra of Fig. 3) , the mitochondria lasing images are usually quite simple. Most often they comprise only one or two lasing peaks. This is the case for the spectral images from individual mitochondria from normal and diseased specimens shown in the top two images of Fig. 7 . For these spectra, the spectral position, spectral linewidth, lasing intensity, and angular spread were extracted from the camera image. Fig. 7 . Typical laser spectral images of normal (top) and diseased (middle) mitochondria. The Lower image is taken for an unusual specimen that exhibits many regularly spaced lines.
The first three parameters were plotted in 3-dimensional cluster plots like those shown in Fig. 8 for normal (upper plot) and diseased (lower plot) mitochondria specimens. The cluster plot for normal mitochondria shows a wavelength shift (peak shift 0 label) mostly near 1 nm and tapering off to 5nm. The smallest wavelength shift is correlated with smallest linewidth and smallest intensity. We expect the smallest mitochondria to produce the smallest wavelength shift because they have the smallest filling factor in the laser cavity. The correlations with the other spectral parameters are less understood, but define a fingerprint that helps to distinguish the normal mitochondria. The plot for the diseased specimen The mean spectral linewidth and standard deviation of all of the normal and diseased mitochondria specimens are summarized in Fig. 9 . The data show that the spectral linewidth is significantly broader for the diseased specimens. The normal linewidth is in the range 0.30 to 0.45 nm, but the linewidth for diseased specimens is 0.40 to 0.85 nm, about 100 to 200% larger. The standard deviation for the normal specimens is 0.20 to 0.40 nm, and 0.30 to 0.60 nm, about 50% larger, for diseased mitochondria. Finally, in Fig. 10 we show a cluster plot corresponding to the mitochondrial specimen that comprised a significant number of rod-shaped cells. These were shown in the laser scanning confocal microscope image (right image in Fig. 5 ) which were probably bacteria. These spectra are dominated by the rod-like cells and reveal an unusual comb-like spectrum of regularly spaced peaks between 1 and 6 nm. Regularly spaced spectral peaks are expected for linear cells like rods and have been previously discussed for the case of sickled red blood cells [10] . These data demonstrate that the spectra are quite sensitive to the morphology of the cell specimens. 
Discussion and Summary
Mitochondrial organelles are very tiny particles as small as the wavelength of light. Detection and analysis of these ultra-small particles requires new spectral-imaging techniques with high sensitivity. We have presented such a technique using nano-squeezing of spontaneous light emitted through a mitochondria flowing at high speed in a biocompatible semiconductor microcavity. This nano-squeezing allows even tiny organelles to generate a large spectral signal that can be easily detected. The spectral images were rapidly recorded and analyzed in a spectral image analyzer. The laser light is spatially and spectrally analyzed within seconds using efficient image recognition software. The technique was initially applied to mitochondria that had been osmotically swollen by high calcium ion gradients. The method showed that it could rapidly measure the swelling effect. We also applied the technique to normal and diseased mitochondria and showed that the diseased mitochondrial spectra varied significantly from those for normal mitochondria. In addition, we compared mitochondria spectra to spectra from small rodshaped cells present in one mitochondrial specimen. These data reveal that this technique is sensitive to different particle shapes.
The laser spectral analysis of the mitochondrial specimens was performed with light of near infrared (NIR) light in the range 830 to 850 nm. While living tissue is largely transparent to NIR wavelengths it contains a number of constituents which absorb specific components in this spectrum. Some of these compounds such as hemoglobin and cytochrome oxidase are of particular interest because of their direct connection to metabolic processes. For example, a significant amount of research has been directed at examining the use of NIR spectroscopy to look at the oxidation state of cytochrome oxidase in relation to brain hypoxia [46] [47] [48] . The biocavity laser's operation in the center of this spectral band of interest prompts consideration of its possible uses as an instrument for better understanding the interaction between NIR radiation and biomolecules such as cytochrome oxidase as well as its use as a diagnostic tool for assessing mitochondrial morphology and disease state.
Our work is distinguished from that in other laboratories which rely on light scattering techniques to study respiring mitochondria. Because the total and angular scattering intensity is a strongly oscillating function of organelle size, variations in size can lead to ambiguities in the scattering measurements. Our technique avoids this ambiguity in relative scattered light intensity by relying instead on absolute spectral intensity and spectral position. With further development, a biolaser developed for tiny organelles could rapidly determine the effects of neuroprotectants like cyclosporine A on mitochondria. This analysis could be very useful for rapid, front-end screen of pharmaceuticals. The entire testing process could be completed in minutes.
